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Tumor cell extravasation into the brain requires passage through the bloodebrain barrier, which is a
highly protected microvascular environment fortiﬁed with tight junction (TJ) proteins. TJ integrity can be
regulated under physiological and pathophysiological conditions. There is evidence that exercise can
modulate oxidation status within the brain microvasculature and protect against tumor cell extravasa-
tion and metastasis formation. In order to study these events, mature male mice were given access to
voluntary exercise on a running wheel (exercise) or access to a locked wheel (sedentary) for ﬁve weeks.
The average running distance was 9.0 ± 0.2 km/day. Highly metastatic tumor cells (murine Lewis lung
carcinoma) were then infused into the brain microvasculature through the internal carotid artery. An-
alyses were performed at early stage (48 h) and late stage (3 weeks) post tumor cell infusion. Immu-
nohistochemical analysis revealed fewer isolated tumor cells extravasating into the brain at both 48 h
and 3 weeks post surgery in exercised mice. Occludin protein levels were reduced in the sedentary tumor
group, but maintained in the exercised tumor group at 48 h post tumor cell infusion. These results
indicate that voluntary exercise may participate in modulating bloodebrain barrier integrity thereby
protecting the brain during metastatic progression.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The beneﬁts to overall ﬁtness and well-being from regular ex-
ercise are undisputed. Additionally, the success of exercise to pro-
mote health and welfare following cancer diagnosis and treatment,
e.g. diminish fatigue, support strength and mobility and aid in
quality of life, is largely accepted [1,2]. While the ability of exercise
to modulate the adverse ramiﬁcations of cancer therapy is well
documented, the impact of physical activity on cancer progression
and metastasis remains less understood. Direct effects of exercise
on cancer development and progression have beenmore difﬁcult to
elucidate, and results from individual studies are often conﬂictingbarrier.
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r Inc. This is an open access article[3,4]. Several factors can inﬂuence the incongruous results reported
in the literature including differences in methodology, tumor type,
tumor location and exercise volume and strategy [3,4].
Metastatic progression and the formation of secondary tumor
sites remain a challenge for advancing cancer treatment strategies
[5]. Particularly in the brain, where the bloodebrain barrier (BBB)
selectively restricts both tumor cell trafﬁcking and therapeutic in-
terventions, it is imperative that regulatory mechanisms underly-
ing that selectivity be better understood [5]. Lung and breast
tumors as well as melanoma are the most common sources of brain
metastases [6]. However the majority of exercise and cancer data
comes from breast cancer followed by gastrointestinal and then
prostate [3]. New reports in lung cancer patients suggest that ex-
ercise improves many physiological factors such as functional ca-
pacity, emotional and anxiety levels but not overall quality of life
[7]; however in a 20 year study from Finland, exercise was seen
to reduce lung cancer risk [8].
We chose a voluntary running model to mimic a moderately
trained individual and diminish the potential effects of short,
intensive workouts. Wheel exposure has been shown to impactunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ously that voluntary exercise in mice altered oxidation status in the
brain microvessels and modulated activation of redox-sensitive
small GTPases [10]. In the current study we demonstrate that ex-
ercise regulates expression of barrier proteins in brain microvessels
at early and late stages of tumor progression in an experimental
model of brain metastasis formation.2. Materials and methods
2.1. Tumor cell line
D122-luc, (Lewis lung carcinoma cells expressing luciferase, a
gift from Dr. Lea Eisenbach, Weizmann Institute of Science, Reho-
vot, Israel) were cultured in Dulbecco's modiﬁed Eagle's medium
GlutaMax (DMEM þ Glut; Invitrogen) [11], supplemented with 10%
fetal bovine serum (Invitrogen) and 1% penicillin/streptomycin
(Invitrogen, Camarillo, CA). D122-luc cells were transfected with
green ﬂuorescent protein (GFP)eencoding vector (pBMN-GFP;
Orbigen, San Diego, CA) to produce D122-luc/GFP cells. D122-Luc/
GFP-positive cells were selected by culturing with 3 mg/ml puro-
mycin followed by cell sorting. Cells were maintained in 1 mg/ml
puromycin-containing media. All cells were used in the third or
fourth passage for the study.2.2. Animal housing, surgical procedures and bioluminescent
imaging
Male C57BL/6 mice (Jackson Labs, Bar Harbor, ME), 12 weeks of
age, were singly housed in plastic cages containing a running
wheel (Coulbourn Instruments, Whitehall, PA). As used in our
previous study [10], exercising mice had voluntary access to the
running wheel while sedentary cages included the same running
wheel in the locked position. Wheel revolutions were monitored
using Clocklab software (Actimetrics, Wilmette, IL). Mice had ad
libitum access to chow and water at all times. The lighting
schedule was 12 h of light followed by 12 h of darkness, lights on at
6AM, Eastern Standard Time. Mice were euthanized at the
conclusion of the study using carbon dioxide followed by decapi-
tation. All procedures, which complied with the guidelines of the
American Association for Accreditation of Animal Care (AAALAC),
were approved by the University of Miami Institutional Animal
Care and Use Committee.
Following ﬁve weeks of monitoring in exercise or sedentary
conditions, mice were anesthetized with isoﬂurane, and 1.0 X 1006
D122-luc/GFP cells were slowly infused through the internal ca-
rotid artery, as described previously [10,12]. Brieﬂy, the common
carotid artery (CCA) was isolated along with internal (ICA) and
external (ECA) carotid arteries. The ECA was ligated while the CCA
was temporarily closed with a vessel clip. A small incision was
made in the ECA proximal to the bifurcation point of the CCA and
tubing was inserted into the CCA. Tumor cells were slowly infused
through the ICA. Blood ﬂow returned once the vessel clip was
removed from the CCA and the surgical sitewas cleaned and closed.
Mice were under close observation for up to 3 weeks. Developing
brain metastatic nodules were monitored weekly for up to 3 weeks
using the IVIS Xenogen Bioluminescence Imager (Caliper Life Sci-
ences, Hopkinton, MA). Prior to imaging, mice were anesthetized
with isoﬂurane and injected i.p. with D-luciferin potassium salt
(2 mg/100 ml) to induce bioluminescence of D122-luc/GFP cells.
Identical instrument settings were used for all measurements un-
der three-minute acquisition time. Brains were then dissected and
sliced in 2 mm sections using a brain block (Braintree Scientiﬁc,
Braintree, MA) to image tumor growth within brain regions.2.3. Immunohistochemistry
Brains used for immunohistochemistry were removed, rinsed in
PBS, and placed in 10% neutral buffered formalin for ﬁxation. The
brains were parafﬁn embedded and cut into a series of 5-mm thick
coronal sectionswith 150-mm intersections. Sectionsweremounted
onto glass slides, deparafﬁnized, and subjected to antigen retrieval
in citrate buffer (pH 6.0) boiling at 95 C for 20 min. Endogenous
peroxidase activity was reduced by treatment with 3% H2O2 in
methanol for 20 min. The slides were rinsed in TBS containing 0.1%
Tween-20 (TBS-T), blocked with 5% rabbit serum in TBS-T, and
incubated with chicken a-GFP monoclonal antibody (1:400; Aves
Lab, Tigard,OR) at 4 Covernight, followedby incubationwith rabbit
a-chicken IgY-HRP secondaryantibody (1:400;GenwayBiotech, San
Diego, CA) for 90min at room temperature. Diamino benzidine from
Vector Laboratories (Burlingame, CA)was used for color developing.
The sections were counterstained with hematoxylin (Sigma, St
Louis,MO) and examinedunder lightmicroscopywithNikonEclipse
TieU and Zeiss Stemi 2000-CS instruments.
2.4. Microvessel isolation
Microvesselswere isolated as previously reported [10,13]. Brieﬂy,
brainswere removed andplaced immediately in ice-cold PBS. Brains
were homogenized using isolation buffer (102 mM NaCl, 4.7 mM
KCl, 2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mMMgSO4, 15 mM HEPES,
25mMNaHCO3,10mM glucose,1mMNa pyruvatewith proteinase
inhibitors). Then, 26% dextran (M.W. 75,000) in isolation buffer was
added, and samples were centrifuged (5800  g; 4 C) for 20 min.
The microvessel containing pellets were resuspended in isolation
buffer and ﬁltered through a 120 mm mesh ﬁlter paper and re-
pelleted by centrifugation (1500  g; 4 C) for 10 min. Microvessel
enriched fractions were smeared (~7 ml/slide) onto glass slides, heat
ﬁxed for 10 min at 98 C, rinsed with chilled PBS, and ﬁxed in 4%
paraformaldehyde for 10 min at room temperature. Slides were
rinsed with PBS and processed for immunoﬂuorescence (described
below). The remaining pellets were resuspended in RIPA lysis buffer
(0.5 M TriseHCl, pH 7.4, 1.5 M NaCl, 2.5% deoxycholic acid, 10% NP-
40, 10 mM EDTA, from Millipore) and incubated for 30 min at 4 C
homogenizing every 5 min with a hand-held homogenizer from
Kontes (Thomas Scientiﬁc, Swedesboro, NJ). Lysates were collected
by centrifugation (14,000  g; 4 C) for further analysis.
2.5. Immunoﬂuorescence
Slides containing microvessels were permeablized with 0.1%
Triton X-100 for 30 min at room temperature then rinsed with PBS.
Slides were blocked using 3% BSA in PBS for 1 h at room temperature
followed by overnight incubation at 4 C with primary antibodies
occludin, and zona occludens-1 (ZO-1) at concentrations 1:200
dilution in 3% BSA in PBS both obtained from Invitrogen (Camarillo,
CA). Following washes with PBS, secondary antibodies, a-mouse
Alexaﬂuor 488anda-rabbitAlexaﬂuor594 fromAbcam(Cambridge,
MA) were applied at 1:200 dilution in 3% BSA in PBS. Following
90 min incubation at room temperature, protected from light, the
slides were washed andmountedwith ProLong® Gold Antifadewith
dapi from Thermo Fisher Scientiﬁc (Life Technologies, Grand Island,
NY) and coverslips. Imageswere acquired using a Nikon Eclipse TieU
ﬂuorescence microscope and the NES Elements software.
2.6. Western Blotting
Protein concentration from homogenized microvessels was
measured using BCA™ Protein Assay Kit (Thermo Scientiﬁc, Rock-
ford, IL). Equal amounts of protein lysates (20 mg) were loaded and
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gels (SDS-PAGE), transferred using nitrocellulose membranes
(Bio-Rad Laboratories, Hercules, CA) and analyzed by Western
Blotting. Nitrocellulose membranes were blocked with 3% bovine
serum albumin (BSA) dissolvedwith Tris-buffered saline containing
0.1% Tween-20 (TBS-T), and incubated with the respective anti-
bodies overnight at 4 C. Occludin and ZO-1 antibodies were pur-
chased from Invitrogen (Camarillo, CA). Claudin-5 antibody was
purchased from Millipore (Temecula, CA). b-tubulin antibody was
obtained from SigmaeAldrich (St. Louis, MO). All antibodies were
diluted with 3% BSA in TBS-T buffer at 1:1000 except for b-tubulin
which was diluted 1:20,000. Secondary antibodies were purchased
from LI-COR biosciences (Lincoln, NE) and incubated at room
temperature for 1 h at 1:20,000 concentrations. Following washing
with TBS-T blots were imaged on the LI-COR Odyssey® CLx scanner
and analyzed using Image Studio software provided with the
instrument.
2.7. Statistical analysis
Data were graphed and analyzed using GraphPad Prism soft-
ware (La Jolla, CA). Tumor growth and measures of tumor metas-
tasis were analyzed by nonparametric ManneWhiteny test. Protein
expressionwas quantiﬁed using two-way ANOVA, with Fisher's LSD
with signiﬁcance value at p < 0.05.
Western blots were quantiﬁed using Image Studio and
normalized to the signal for b-tubulin. The mean values for treated
groups are represented relative to sedentary vehicle controls.Fig. 1. Exercised and sedentary mice display variation in tumor growth in vivo. (A) Tumor p
open squares. Values are mean ± SEM. (B) Summary data of bioluminescent signal from D
circles) mice at the 3rd (ﬁnal) week of study. Each circle represents an individual mouse. Box
and exercised mice showing tumor growth at 3 weeks. (D) Representative IVIS images of sl
brain. (Bioluminescent signal measured in radiance, photons/second/square centimeter/squ3. Results
3.1. Exercised and sedentary mice display variations in tumor
growth in vivo
Following surgical infusion of D122-luc/GFP tumor cells and
recovery, once per week mice were imaged to monitor tumor
progression. Both sedentary and exercised mice began to show
bioluminescent signals of tumor growth 2 weeks post-surgery. In
addition, both groups exhibited similar dynamics of tumor pro-
gression (Fig. 1A). IVIS data analyzed at the 3rd week (i.e., the ter-
minal time point) displayed variability within both groups and no
signiﬁcant difference in D122-luc/GFP bioluminescence (Fig. 1B).
Raw IVIS data from the 3rd week showed strongest biolumines-
cence on the side ipsilateral to tumor cell infusion (Fig. 1C). Sliced
brain sections also demonstrated tumor growth throughout the
brain with strongest signal from mid-sections (Fig. 1D) in both
sedentary and exercised groups, demonstrating variation within
both treatments.
3.2. Immunohistochemistry of brain sections
In order to further quantify metastatic progression, brains were
processed using immunohistochemistry by probing with a-GFP
antibody. Themajority of metastatic nodules appeared in the lateral
and third ventricles within the mouse brain (Fig. 2A). Tumor cell
counting and measurement of metastatic lesions was performed at
40X and 10X magniﬁcation, respectively. Tumor cells wererogression over 3 weeks of observation. Sedentary mice closed squares, exercised mice
122-luc/GFP tumor cells in the brains of sedentary (black circles) and exercised (gray
and wisker plot. (C) Representative in vivo imaging system (IVIS) pictures of sedentary
iced brains from sedentary and exercised mice showing tumor growth throughout the
are radian).
Fig. 2. Immunohistochemistry of brain sections. (A) Representative images of brain sections from sedentary and exercised mice, coronal sections 1.25X and stained for a-GFP.
Arrows indicate tumor masses in the lateral and third ventricles at 3 weeks post tumor cell infusion. (B) Representative brain sections images captured at 40X and 100X (box inset),
showing individual tumor cells and small clusters of tumor cells around microvessels and within brain parenchyma at 3 weeks post tumor cell infusion, indicated by black arrows.
(C) Summary data for the number of individual tumor cells 48 h post tumor cell infusion. (D) Summary data for individual tumor cells not part of metastatic nodules following 3
weeks of tumor growth. (E) Summary data for the number of metastatic nodules 3 weeks post tumor cell infusion. (F) Summary data for metastatic area (mm2) 3 weeks post tumor
cell infusion. Values are mean ± SEM, *p < 0.05.
Fig. 3. Exercise modulated tight junction protein expression in brain microvessels. Representative western blots and quantitative summary data for tight junction protein
expression. Levels of occludin (A, D), ZO-1 (B, E), and claudin-5 (C, F) were measured 48 h (A, B, C) and 3 weeks (D, E, F) post tumor cell infusion in isolated brain microvessels and
normalized to b-tubulin levels. Vehicle bars in black, tumor bars in gray. Values are mean ± SEM, *p < 0.05 vs sedentary vehicle, #p < 0.05 vs exercise vehicle, xp < 0.05 vs sedentary
tumor.
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renchyma in both sedentary and exercised groups (Fig. 2B). Solitary
tumor cells or tumor cells in small groups were counted 48 h and 3
weeks post tumor cell infusion. At both time points exercised mice
show a decrease in the number of individual cells (Fig. 2C and D).
The difference was signiﬁcant within the 3 week cohort (Fig. 2D)
demonstrating that exercise inﬂuenced the presence of solitary
tumor cells within the brain. The number of metastatic nodules and
the size of these lesions was similar between sedentary and tumor
groups (Fig. 2E and F).3.3. Exercise impacts tight junction (TJ) protein expression in brain
microvessels
Three proteins central to TJ function were examined to deter-
mine if exercise modiﬁes BBB integrity. At 48 h post tumor cell
infusion, levels of occludin were signiﬁcantly reduced and the
expression of ZO-1 and claudin-5 exhibited a tendency to be
reduced in sedentary tumor mice compared to sedentary vehicle
mice (Fig. 3A, B, and C). In contrast, the expression of occludin and
ZO-1 were maintained at the control levels in exercised tumor mice
and claudin-5 expression was signiﬁcantly increased, indicating
enhanced barrier regulation by exercise. At 3 weeks post surgery,
there were no changes in TJ protein expression in the tumor-
growing mice as compared to vehicle controls (Fig. 3D, E, and
3F); however, exercise alone increased the baseline expression of
occludin and claudin-5 protein levels.Fig. 4. Colocalization of tight junction proteins. Representative ﬂuorescent images of isolat
tumor cell infusion. Occludin (green), and ZO-1 (red) immunreactivity was evaluated usin
magniﬁcation. Merged images show occludin and ZO-1 overlap as well as nuclei (stained w3.4. Colocalization of TJ proteins
In addition to the overall expression levels, colocalization of TJ
proteins is critical for a proper assemble of TJs and functions of the
BBB. To visualize patterns of colocalization, isolated microvessels
were prepared for immunoﬂuorescence using antibodies against
occludin and ZO-1. Patterns of occludin staining were similar
among all treatment groups at both 48 h and 3 weeks post tumor
cell infusion (Fig. 4A and B, left panels). ZO-1 expression appeared
less evenly distributed than occludin (center panels); however, the
proteins overlapped in merged images demonstrating that proper
assembly into TJs were present in isolated microvessels in all
studied groups (Fig. 4A and B, right panels).4. Discussion
Studies have shown that regular exercise and a healthy lifestyle
early on in one's life may reduce risk for certain diseases, including
some types of cancer, as well as improve outcomes following
diagnosis [4]. In the context of brain metastasis, it is important to
point out that all blood-borne cells and therapeutics must pass
through the BBB to gain access to the brain. Therefore, greater
understanding of regulation and signaling events within brain
endothelial cells is essential for more progressive prevention and/
or treatment options. Previously, we reported that exercise can
modulate redox status in microvessels comprising the BBB, sug-
gesting a role for exercise in maintaining barrier integrity [10]. Ated brain microvessels from sedentary and exercised mice at (A) 48 h (B) 3 weeks post
g a Nikon Eclipse TieU ﬂuorescence microscope and NES Elements software at 40X
ith DAPI, blue).
G. Wolff et al. / Biochemical and Biophysical Research Communications 463 (2015) 811e817816the signaling levels, exercise modulated activity of redox-sensitive
small GTPases, which participate in BBB remodeling and contribute
to barrier disruption [14]. Our current study was based on the hy-
pothesis that early lifestyle choices, such as exercise, can affect
cancer progression in the brain speciﬁcally related to cerebrovas-
cular health and BBB disruption. While all mice exposed to blood-
borne tumor cells formed brain metastases, exercised mice
exhibited a reduction in the number of solitary tumor cells within
the brain both at the early and later stages of tumor development.
At 48 h post tumor cell infusion, expression of TJ proteins was
reduced in microvessels from sedentary tumor mice but not in
exercised tumor mice. Furthermore, exercise signiﬁcantly unregu-
lated occludin in vehicle-infused mice and claudin-5 in both tumor
cell and vehicle-infused mice when analyzed at 3 week time point.
The BBB is comprised of endothelial cells that form a selective
vascular network through use of TJ complexes [15]. Within TJ
complexes there are several molecules that interact in the extra-
cellular junctional space and others act as anchors within the
endothelial cell to create a barrier that is impermeable to most
blood-borne substances [15]. Occludin was the ﬁrst trans-
membrane TJ protein identiﬁed [16]. Changes in BBB permeability
partially coincide with alterations in occludin expression [17] and
epithelial barrier function [18]. On the other hand, the intestinal
barrier in occludin knockout mice remains operative [19]. In addi-
tion, other work has demonstrated that occludin could play a role
outside of permeability, including redox regulation [19,20].
The claudin family of proteins has 24 members identiﬁed;
mainly located in endothelial and epithelial cells, with claudin-5
being the most abundant type found in brain endothelium [6,15].
The selectivity of claudin-5 expression in brain endothelial cells
suggests it plays a crucial role in BBB function [6]. Indeed, it has
been demonstrated that claudin-5 participates in modulating
permeability to ions as well as macromolecules [21,22]. Several
studies indicated that increased permeability of the BBB was
accompanied by decreased claudin-5 expression [6]. Interestingly,
it was demonstrated that Rho kinase (ROCK) could induce phos-
phorylation of claudin-5 (and occludin) leading to TJ disruption and
promoting monocyte migration through the BBB in a model of HIV-
1 encephalitis [23,24]. ROCK is activated by RhoA GTPases [25].
These data support our previous ﬁndings that RhoA was less acti-
vated in microvessels from exercised mice, especially high runners
following tumor cell infusion [10]. Coupled with our current ob-
servations that claudin-5 expression is maintained in microvessels
from exercised mice while microvessels from sedentary mice
showed decreased expression at 48 h post tumor cell infusion
suggests exercise could impact maintenance of TJs through the
RhoA/ROCK signaling pathway.
Zona occludens (ZO) proteins are scaffolding proteins that
interact with occludin and other claudin family members to orga-
nize proteins at the plasma membrane and “anchor” TJs within the
cytoplasm [26]. ZO-1 overexpression results in reduced prolifera-
tion of cultured cells; thus, it is not surprising that cancer cells can
promote a decrease in ZO-1 expression [27]. Indeed, it has been
demonstrated that matrix metalloproteinases secreted by circu-
lating cancer cells can increase BBB permeability by targeting TJ
proteins including ZO-1 [28]. At early stages of tumor growth in the
current study, microvessels from sedentary mice tended toward
decreased ZO-1 expression, while exercise showed an indication
towards maintained or increased TJ protein expression. This
observation is consistent with the evidence that endurance
swimming increased mRNA levels of ZO-1 in rat small intestine
[29].
While exercise is universally accepted as beneﬁcial to the body,
in the context of pathology the picture becomes less clear. It is
important to consider the impact of exercise alone as well as thetype of exercise model as different intensity of activity may confer a
different outcome. In the current study we used voluntary running
over time to mimic a trained individual before exposure to tumor
cells. Exercise impacted brain endothelial cell TJs during tumor
development, suggesting that such conditioning can impact BBB
integrity and may provide beneﬁt in the early stages of metastases
formation.
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